Background/Aims: Transient congenital hypothyroidism (TCH) could disturb carbohydrate metabolism in adulthood. Aging is associated with increased risk of type 2 diabetes. This study aims to address effects of TCH on mRNA expressions of glucose transporters (GLUTs) and glucokinase (GcK) in islets and insulin target tissues of aged offspring rats. Methods: The TCH group received water containing 0.025% 6-propyl-2-thiouracil during gestation. Offspring from control and TCH groups (n=6 in each group) were followed until month 19. Gene expressions of GLUTs and GcK were measured at months 3 and 19. Results: Compared to controls, aged TCH rats had higher GLUT4 expression in heart (4.88 fold) and soleus (6.91 fold), while expression was lower in epididymal fat (12%). In TCH rats, GLUT2 and GcK expressions in islets were lower in young (12% and 10%, respectively) and higher in aged (10.85 and 8.42 fold, respectively) rats. In addition, liver GLUT2 and GcK expressions were higher in young (13.11 and 21.15 fold, respectively) and lower in aged rats (44% and 5%, respectively). Conclusion: Thyroid hormone deficiency during fetal period impaired glucose sensing apparatus and changed glucose transporter expression in insulin-sensitive tissues of aged offspring rats. These changes may contribute to impaired carbohydrate metabolism.
Introduction
Intrauterine growth retardation (IUGR) is associated with increased risk of metabolic disorders, in particular type 2 diabetes in later life [1, 2] . Thyroid hormones play an important role during fetal development [3] [4] [5] . Congenital hypothyroidism (CH) is a state of thyroid hormone insufficiency that starts in utero and is present at birth or postnatally [3, 6, 7] ; CH in classified into permanent and transient forms [6, 8] . Transient CH (TCH) is a temporary deficiency of thyroid hormones at birth that then recovers to normal state [6, 7] . Maternal intake of anti-thyroid drugs is one of the cause of TCH [6] . The incidence of TCH is very low in iodine-sufficient areas such as the United States (1 in 50000) or very high in the iodine-deficient areas such as Europe (1 in 100) [6] and Africa (1 in 10) [9] . Hypothyroidism during pregnancy can cause glucose intolerance during adulthood [10, 11] that is a result of disturbed intrauterine conditions [12, 13] .
Aging is associated with glucose intolerance and type 2 diabetes [14] [15] [16] . Insulin resistance [17] [18] [19] , impaired β-cell function [15, 17, 18, 20] , accumulation of lipid in muscle and liver [17] , impaired insulin secretion [15, 17] and, in particular, altered expression of glucose transporters (GLUTs) [21, 22] , contribute to age-associated type 2 diabetes. In addition, data from the Helsinki Birth Cohort Study show that the risk of type 2 diabetes is higher in aged subjects who were small at birth [23, 24] .
The mechanisms underlying disturbed carbohydrate metabolism in aged rats with thyroid hormone deficiency during fetal life have not yet been elucidated. Data about effects of TCH on GLUTs expression in insulin-sensitive tissues are conflicting, with no change, decreased, or increased expressions being reported, as well as tissue-specific effects [25] [26] [27] . It has also been reported that decrease in GLUT2 and glucokinase (GcK) in liver and pancreatic islets are involved in glucose disturbance observed in adult hypothyroidism [28, 29] . Data on the effects of aging on expression of GLUTs and GcK are controversial [21, [30] [31] [32] [33] and altered expression of GLUTs in insulin-sensitive tissues and defects in the glucose sensing apparatus may be involved in glucose intolerance observed with aging [21, 34] .
Both GLUT1 and GLUT4 have been found in insulin-sensitive tissues (heart muscle, skeletal muscle, and adipose tissue) [21, 25, 35] . In addition, GcK and GLUT2 have been found in pancreatic islets and liver [15, 34] . To the best of our knowledge, there is no study to date addressing the effects of thyroid hormone deficiency during fetal life on carbohydrate metabolism and glucose sensing apparatus in aged offspring rats. The aim of this study was therefore to determine whether TCH affects carbohydrate metabolism and expression of GLUTs and GcK in aged offspring rats.
Materials and Methods

Animals
In this study, 3-month and 19-month-old male Wistar rats, used as young and aged rats, respectively, were obtained from animal house of the Research Institute for Endocrine Sciences (RIES) of Shahid Beheshti University of Medical Sciences, Tehran, Iran. They were housed in a controlled room with temperature of 23±3°C, and an inverse 12:12 h light/dark cycle. Rats had free access to standard rat chow (Pars Animal Feed Co., Tehran, Iran) and tap water during the study. This study was approved by the local ethics committee of the RIES (Ethic code: 11ECRIES94/02/15); all procedures were performed in accordance with the National Institutes of Health guide for the care and use of Laboratory Animals [36] .
Sample size calculation
In this study, we used resource equation method in combination with sequential stopping rule for calculation of sample size [37, 38] . According to the resource equation method: E=total number of animals -total number of groups; E= 10-20 means that the sample size is appropriate and if 20<E< 10 then the sample size should be increased or decreased, respectively. Sequential stopping rule is a highly efficient and
Biochemical measurements
Twenty minutes after the blood was drawn, blood samples were centrifuged at 3000 rpm for 10 min at 4°C, and the sera were stored at -80°C until time of assay; TT 3 , TT 4 , and TSH were measured using ELISA kits (Pishtaz Teb Zaman Co., Iran for TT 3 and TT 4 ; Zellbio Co., Germany for rat TSH). Since the structures of the thyroid hormones are not species specific, human kits could be used for measurement of TT 3 and TT 4 in rats [39] [40] [41] . Intra-assay coefficients of variation were 3.5% for TT 3 , 5.1% for TT 4 and 3.3 % for TSH. Serum glucose was measured by the glucose oxidase method using a commercial kit (Pars Azmoon Co., Tehran, Iran); intra-and inter-assay coefficients of variation were 2.9 and 5.4%, respectively. Serum insulin was measured with a rat-specific ELISA kit (Mercodia, Uppsala, Sweden); intra-and inter-assay coefficients of variation were 2.9% and 4.4%, respectively.
Glucose tolerance test
IPGTT (intraperitoineal glucose tolerance test) was performed at the end of 3 and 19 months after 14-16 hrs. of fasting. In brief, rats were anaesthetized by an IP injection of pentobarbital sodium (60 mg/kg), a blood sample was obtained from the tail and glucose (1 g/kg body weight of 50% glucose solution) was then injected followed by blood sampling at 10, 20, 30, 60, and 120 min after the glucose injection; sera were separated and used for glucose measurement.
Homeostasis model assessment
Homeostasis model assessment (HOMA) was calculated as HOMA1 of insulin resistance (HOMA1-IR = fasting insulin (lU/mL) × fasting glucose (mmol/L)]/22.5; HOMA1-of insulin sensitivity (HOMA1-S%) = 1/HOMA1-IR × 100; and HOMA1 of ß-cell function (HOMA1-B%) = [20 × fasting insulin (lU/mL)]/[fasting glucose (mmol/L)-3.5]. HOMA2-IR, HOMA2-S and HOMA2-B were calculated using the HOMA calculator, available at: http://www.dtu.ox.ac.uk/homacalculator [42] .
Isolation of pancreatic islets
For pancreatic islet isolation a slightly modified Lacy method [43] was used [2] . In brief, the rats were anaesthetized using a pentobarbital sodium (60 mg/kg) IP injection. an injection of 10 mL ice-cold Hanks' balanced salt solution (HBSS) containing collagenase P (0.5 mg/ mL) administered through the bile duct; the inflated pancreas was removed, minced with scissors, and transferred to a sterile 50 ml falcon tube, was then digested in a 37°C water bath (15 min). The digestion was terminated by the addition of ice-cold HBSS (30 mL), and the tube was then shaken (1 min). After three washings with cold HBSS, the suspension was filtered through a 500 μm plastic mesh to discard any undigested tissue particles. Islets were handpicked under a stereomicroscope (Kyowa Optical, SDZ-TR-PL model, Japan), and were frozen in liquid nitrogen and stored at −80 ºC until further use.
Real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR)
After anesthesia, the left ventricle of heart muscle, the soleus muscle, the epididymal adipose tissue, the liver, and the pancreatic islets were immediately removed and frozen in liquid nitrogen, prior to storage at −80 °C.
Total RNA was extracted from homogenized tissues using the RNX-Plus solution kit (Cinagen Co., Tehran, Iran); the extraction was performed according to the kit manufacturer's instructions. The quantity and the purity of RNA samples were measured with a nanodrop spectrophotometer (NanoDrop-1000, Thermo Scientific, USA).
cDNA synthesis was done using Thermo Scientific RevertAid Reverse Transcriptase in accordance with manufacturer instructions. In brief, after DNase treatment, 3 μg of total RNA was reversed to cDNA using M-MuLV RevertAid Reverse Rranscriptase (1 μL of 200 U/μL), random hexamer primers (1 μl of 100 μM), dNTPS (2 μL of 10 mM), and RiboLock RNase-inhibitor (0.5 μL of 40 U/μL), incubated for 10 min at 25°C, followed by 60 min at 42°C in a total volume of 20 μL. The reaction was terminated by heating the reactions at 70°C for 10 min.
Real time PCR. Primers were designed using the primer3 and GeneRunner; primer sequences are shown in Table 1 . Amplifications were performed in a rotor gene 6000 real time PCR machine (Corbett, Life science, Sydney, Australia). All reactions were set up in 15 μL volumes and contained 1 μL cDNA, 0.5 μL of each forward and reverse primer, 7.5 μL of SYBR Green PCR Master Mix 2X (ThermoFisher, USA), and 5.5 μL nuclease-free water. The following cycling profile was used for PCR reactions: initial denaturation (10 min at 95 °C) followed by 40 cycles with 45 s at 94 °C, 45 s at 58 °C and 1 min at 72 °C; final extension for 5 min at 72 °C. All samples were run in duplicate and H 2 O replaced templates in negative control reactions. The specificity of the real-time PCR reactions was verified by generation of a melting curve analysis. Target genes were normalized with reference genes [i.e. ß-actin for heart muscle and epididymal adipose tissue, as well as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for the soleus muscle, the pancreatic islets, and the liver]. The relative mRNA level for each target gene was calculated by the 2 -ΔΔC t method [44] , where ΔC t (cycle threshold) = C t of target gene − C t of reference gene and ΔΔC t = ΔC t of the target gene in the TCH group -ΔC t of the target gene in the control group.
Statistical analysis
Results are expressed as mean ± SEM. Statistical analyses were performed using SPSS (version 20) and GraphPad Prism (Version 6) softwares; the Shapiro-Wilk test was used to check the normality of the data and parametric or non-parametric tests were then used for the analysis of data with normal and non-normal distribution, respectively [45] . A two-way mixed (between-within) repeated measured ANOVA test, was used for comparing TT 3 , TT 4 , TSH, glucose, insulin, and body weight between the two groups; comparison between each time point was done by independent sample t-test. The MannWhitney U test was used for comparing fold change in mRNA expression between groups. Two-sided p values <0.05 were considered statistically significant. 
Results
Serum concentrations of thyroid hormones and TSH
As shown in Fig. 1 (A-C) , at the time of delivery, serum TT 3 and TT 4 in offspring were significantly lower than in controls, whereas serum TSH levels in offspring were significantly higher than in controls. Serum TT 3 , TT 4 , and TSH concentrations of TCH rats (at months 3, 6, 12, 19) were not statistically different when compared with controls.
Body weight
Compared with controls, TCH rats had significantly lower body weight at birth (4.17 ± 0.12 vs. 6.37 ± 0.11 g, p<0.001); a difference observed between the two groups until week 12 (Fig. 2A) ; after week 12, no significant difference between the TCH and the control group was noticed (Fig. 2B) .
Serum glucose and insulin concentrations
Compared with controls, serum glucose concentrations were significantly higher in TCH rats throughout the study (Fig. 3A) ; conversely, serum insulin was significantly lower in TCH rats, except at month 9 (Fig. 3B ). In addition, the area under the curve (AUC) shows that in TCH rats the serum glucose and insulin concentrations were significantly higher and lower than in controls, respectively.
Glucose tolerance test
The results of IPGTT at the end of months 3 and 19 show that fasting serum glucose was significantly higher in TCH rats than controls, i.e 4.45 ± 0.35 vs. 6.81 ± 0.68 mmol/L, p=0.010 for month 3 and 6.04 ± 0.53 vs. 8.19 ± 0.32 mmol/L, p=0.007 for month 19. After the glucose injection, the increase in serum glucose concentration was higher in TCH rats than in controls (Figs. 4A and 4B ). In addition, the AUC shows that serum glucose concentrations 
Insulin resistance/sensitivity indices
As shown in Fig. 5 (A-F), when compared with controls, TCH rats had significantly lower HOMA-IR and HOMA-B and higher HOMA-S.
GLUT1 and GLUT4 mRNA expressions
As Fig. 6 shows, when compared with controls (considered as 1), the expression of GLUT1 mRNA in TCH rats was 67, 16, and 45 percent of control value at month 3, and 49, 23, and 37 percent at month 19 of control value for heart muscle, soleus muscle, and epididymal adipose tissue, respectively (Figs. 6A and 6B). Compared with controls, in TCH rats, GLUT4 mRNA expression was 3.37 and 4.44 fold of controls at month 3, and 4.88 and 6.91 fold of controls at month 19 for heart and soleus muscles, respectively. In addition, the GLUT4 mRNA expression was 21% of control value at month 3, and 12% of control value at month 19 for the epididymal adipose tissue (Figs. 6C and 6D ). Compared to young animals, the mRNA expressions of both GLUT1 and GLUT4 in all the tissues studied decreased with aging, in both control and TCH rats (Fig. 7, A-D) . 
GLUT2 and GcK mRNA expressions
As shown in Fig. 8 , compared with controls, young TCH rats had higher level of GLUT2 (13.11 fold of controls) and GcK (21.15 fold of controls) expressions in the liver (Fig. 8A) ; lower level of GLUT2 (12% of control value) and GcK (10% of control value) expressions in pancreatic islets (Fig. 8C) . The reverse pattern was observed in aged TCH rats in the liver (44% for GLUT2 and 5% for GcK of controls; Fig. 8B ) and pancreatic islets (10.85 for GLUT2 and 8.42 for GcK fold of controls; Fig. 8D ).
Compared to young animals, in aged control rats, the GLUT2 mRNA expression was higher (4.19 fold of controls) in the liver and lower in pancreatic islets (3% of control value), while mRNA expression of GcK was lower both in the liver and pancreatic islets (38% and 3% of control value, respectively; Figs. 9A and 9C). Compared to young TCH rats, in aged ones, mRNA expressions of both GLUT2 and GcK were lower in the liver (11% and 3% of control value, respectively; Fig. 9B ) and higher in pancreatic islets (3.86 and 5.35 fold of controls, respectively; Fig. 9D ).
Discussion
Based on the results, this study shows, for the first time, that the thyroid hormone deficiency during fetal period impairs glucose sensing apparatus in pancreatic islets and In this study, the administration of PTU during pregnancy resulted in hypothyroidism in newborn offspring, indicated by the lower levels of circulating TT 3 and TT 4 and, by the higher levels of TSH. We used a transient model of TCH, as serum concentrations of thyroid hormones and TSH were similar to controls in adult offspring, findings similar to our previous studies [10, 46] and others [27, 47] . Using anti-thyroid drugs for creating animal model of TCH is reasonable and a relatively common practice since ~1-5% of neonates whose hyperthyroid mothers had been treated with PTU, were born with suppressed thyroid hormones [7, [48] [49] [50] .
In our study, TCH rats had lower weight both at birth and until month 3, similar to previous reports [10, 11] . Weight gain was, however, similar between groups during months 3 to 19; a finding in keeping with our previous reports on TCH rats followed until month 12 [10, 44] .
In the current study, aging was associated with lower expression of GLUT4 in the tissues studied; similarly Mooradian et al., reported lower protein expression of heart GLUT4 in 25 month old vs. 4 month old male rats [32] and Lin et al. reported lower mRNA and protein expression of GLUT4 in epididymal adipose tissue of 20-month old vs. 7-week old male Wistar rats [21] . Decreased protein levels of GLUT4 have been reported in skeletal muscle of aged rats [19, 21, 51] and humans [30] . With aging, lower expression of GLUT4 is associated with both insulin resistance [30, 32, 51] and impaired glucose tolerance [21] ; comparably, in our study, HOMA1-IR was significantly higher in aged euthyroid rats than in young ones (24.3 ± 5.0 vs. 5.1 ± 0.8, p=0.017). In addition, we observed an impaired glucose tolerance in euthyroid aged rats as compared with young ones.
Unlike our results, increased protein expression of GLUT4 is reported in both cardiac and skeletal muscles (soleus muscle) of 25 month vs. 5 month old female C57BL/6 mice [33] , in addition, the authors acknowledging these findings differ between mice and rats, indicating a species related difference [33, 52] . Moreover, it has been reported that aging does not affect GLUT4 protein concentration in the epitrochlearis muscle in female rats (25 vs. 10 month old) [31] ; however, it has been suggested that the epitrochlearis muscle unlike the soleus muscle is not suitable for studying age-associated changes in metabolism [51] .
In the present study, aging was associated with lower mRNA expression of GLUT1 in all insulin-sensitive tissues; contrary to our results, no changes in GLUT1 protein levels in skeletal muscle [19, 21, 22] , heart muscle [53] or adipose tissue [21, 22] have been observed in aged rats, a difference that we could not explain from the results obtained in our study. It has been reported though that mRNA can change up to 30-fold with no change in protein levels [54] .
Both young and aged offspring rats with TCH observed in this study had higher expression of mRNA for GLUT4 in the heart and soleus muscles and lower expression in the epididymal adipose tissue, results that are consistent with previous studies for heart [32] and adipose tissue [55] in adult hypothyroid rats. Contrary to our results, decreased GLUT4 expression in skeletal and heart muscles [25, 56, 57] and increased GLUT4 expression in adipose tissue [25] have been reported in adult hypothyroid rats; neither are our results in agreement with previous reports in TCH rats, for skeletal and heart muscle on day 4 after birth [26] and in adipose tissue and heart muscle on day 21 after birth [25] . Additionally, no change has been reported in expression of GLUT4 in skeletal and heart muscles in rats with CH at month 3 after birth [27] or in skeletal and adipose tissue of young adults born with IUGR [58] .
Our study shows that TCH in both young and aged rats is associated with lower mRNA expression of GLUT1 in all insulin-sensitive tissues, results in line with previous studies in adipocytes of adult hypothyroid rats [55] and in the skeletal muscle of 4 day old TCH rats [26] . Contrary to our results, higher GLUT1 mRNA expression in the heart [32, 56] and adipose tissue [25] of adult hypothyroid rats have been reported; in addition, in rats with TCH, higher GLUT1 mRNA expressions have been reported in the heart muscle at days 4 and 21 [25] , and in the adipose tissue at day 4 [26] after birth.
Ghanbari et al. have shown that offspring rats with TCH had lower serum TT 4 and TT 3 until days 14 and 21 after birth, respectively, despite their thyroid hormone levels being comparable to normal rats 90 days after birth [59] . Mooradian et al. have reported that thyroid hormones have different effects on GLUTs expression during development and in adulthood [32] . Furthermore, thyroid hormones have species-specific and tissue-specific effects on GLUT1 and GLUT4 expression in insulin sensitive tissues [25, 32, 60] . During fetal life, GLUT1 is predominant in insulin sensitive tissues and transition of this dominancy to GLUT4 after birth is regulated by thyroid hormones [25, 26] . Therefore based on these results, it can be concluded that thyroid hormone deficiency during fetal life impairs normal transition of both GLUT1 and GLUT4 from fetal to adult levels in insulin sensitive tissues Cellular Physiology and Biochemistry
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and can cause insulin resistance [25] . Jaquet et al. have shown that insulin resistance in IUGR-born subjects is associated with impaired expression of GLUT4 in adipose and muscle tissues [58] . In our study, in normal rats, aging was associated with decreased GcK expression in both liver and islets and GLUT2 expression in islets as well as increased GLUT2 expression in the liver. The effects of aging on GcK and GLUT2 expression in animal studies are controversial. In line with our results, lower GcK mRNA expression in the liver of aged rats (80 weeks) has been reported [61] . No change in GcK expression in islets has however been reported in 24 month old Fisher rats [62] , 80 week old rats [61] or 42 week old rats [63] . Increased mRNA expression of GcK in islets has also been reported in 30 month old mice [64] .
In addition, it has been reported that aging is associated with lower GLUT2 mRNA expression in pancreatic islets of 30 month old mice [64] , 24-month old mice and rats [65] , 7.5 year old rhesus monkeys [66] , and 28-month old rats [67] . Contradictory to our results, it has been reported that mRNA and protein expression of GLUT2 decreased in the liver of 20-month-old rats [21] . It has been reported that islet GLUT2 mRNA expression is higher in 6 and 12 month old rats but remained constant in 24-month-old ones [62] . In addition, no change in islet GLUT2 expression has been reported in 42-week-old rats [63] .
The likely explanation for the difference between our results and other reports may be related to animal models used, animal age, animal species, the circulating thyroid hormone levels at time of the experiment, and changes in serum insulin levels with age. In addition, expression patterns of genes involving glucose sensing have circadian rhythm [63] .
In this study, young TCH rats had lower expression of GLUT2 and GcK in islets, and higher expression of GLUT2 and GcK in liver. To the best of our knowledge, no previous study addressed the effects of TCH on the expression of GLUT2 and GcK in these tissues. It has been shown that male adult hypothyroid rats have lower expression of GLUT2 and GcK in pancreatic islets [28] and liver [29, 68, 69] . It has also been reported that adult hypothyroidism had no effect on GLUT2 and GcK expression in both islets and liver [70, 71] . In this study, we used a transient model of CH, where thyroid hormone levels were similar to normal rats, whereas adult hypothyroid rats usually have lower than normal levels of thyroid hormones [59] .
The reverse pattern of GcK and GLUT2 expression in islets and liver observed in our study may be related to differences between promoters of these genes in liver and islets; the liver-specific promoter is regulated by insulin, whereas the islet-specific promoter is regulated by glucose [72] [73] [74] [75] [76] . It has been reported that TCH had no effect on the insulin content of islets [2] ; low serum insulin in our study may be therefore due to changes in insulin secretion. Data show that low insulin increases GLUT2 mRNA expression in liver [77] ; in addition, liver GLUT2 expression in diabetic rats is higher, findings supporting the idea that hyperglycemia has a positive role in expression of GLUT2 [78] . To sum up, our findings showed that thyroid hormone deficiency during fetal life impairs glucose sensing apparatus in pancreatic islets and liver of offspring rats during adulthood, changes which may all be involved in impaired insulin sensitivity observed in our study.
Our findings showed that in aged TCH rats, GcK and GLUT2 expression were higher in islets and lower in liver. These effects may (at least in part) be due to higher concentrations of circulating glucose levels in the aged (8.49 ± 0.26 mmol/L) as compared with young (6.81 ± 0.67 mmol/L) animals, since it has been reported that elevated glucose stimulates GcK and GLUT2 gene expression in islets [79] . In line with our results, expression of GcK has been indeed reported to be lower in the liver of diabetic rats [80] and human [81] as well as higher in islets of diabetic rats [82] . Lower liver GcK mRNA expression could decrease the effects of insulin on the liver and glucose utilization [61] , which may be involved in increasing agedependent susceptibility to insulin resistance and diabetes [61] . Higher islet expression of GcK and GLUT2 may be a potential mechanism by which β-cells attempt to overcome agerelated glucose intolerance and insulin resistance [83] .
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